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Identification of the 1s2s2p *Pg,—15%2s 2S,, magnetic quadrupole inner-shell satellite line
in the Ar1®t K-shell x-ray spectrum
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We have identified the dipole-forbiddesds2p *Pg,— 15?2s 2S, transition in lithiumlike A" in high-
resolutionK-shell x-ray emission spectra recorded at the Livermore EBIT-II electron-beam ion trap and the
Princeton National Spherical Tokamak Experiment. Unlike othéP'Asatellite lines, which can be excited by
dielectronic recombination, the line is exclusively excited by electron-impact excitation. Its predicted radiative
rate is comparable to that of the well-knows2p 3P, —1s? S, magnetic quadrupole transition in helium-
like Ar'®*. As a result, it can also only be observed in low-density plasma. We present calculations of the
electron-impact excitation cross sections of the innershell excitétf Aatellite lines, including the magnetic
sublevels needed for calculating the linear line polarization. We compare these calculations to the relative
magnitudes of the observedas2p— 1s?2s transitions and find good agreement, confirming the identification
of the lithiumlike 1s2s2p *Ps,— 1522s 2S;;, magnetic quadrupole line.
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[. INTRODUCTION to the radiative decay rate, is negligibly small compared to
other lithiumlike K-shell satellite lines. It is, therefore, no
The lithiumlike dielectronic and collisional innershell sat- surprise that thé&-shell x-ray satellite corresponding to the
ellite lines of the heliumlikek-shell x-ray spectra have been 1s2s2p *Ps,—1s2s? 2S,,, transition is typically absent in
studied extensively in laboratory and astrophysical spectrgables of dielectronic satellite lines. In fact, Gabiié] did
They provide information on the ionization equilibrium as not label this transition when he introduced the alphabetical
well as electron temperature and density of the ambiennhotation of the lithiumlike satellite lines.
plasma. In the case of solar and astrophysical plasma the The 1s2s2p “Ps, level can also be excited by direct
lines are often the only means for determining these plasmelectron-impact excitation from thesd2s 2S,, lithiumlike
parameters. ground state. Nondipole excitation can be strong. In fact,
The K-shell lithiumlike satellite lines have in common collisionally pumped x-ray laser schemes, for example in
that they originate from levels with energy above the heli-neonlike systems, rely on large monopole and quadrupole
umlike continuum threshold and therefore form autoionizingexcitation rates, and several electric quadrupole transitions
levels. The consequence is that their upper levels can bigave by now been identifielB—10. Moreover, the well-
populated by dielectronic capture, i.e., by the inverse processnown heliumlike transition 2p 3P,—1s? 1S, labeledx
of autoionization. Numerous calculations of dielectronic re-in the notation of Gabri€l6] is strongly excitated by electron
combination from the 4* heliumlike ground state to levels impact from the ground state. The line is clearly visible in
of the type 52¢2¢' have been carried out that predict the the K-shell spectra of heliumlike ions and has been used for
strength of dielectronic recombination and thus the intensityliagnostic purposegd1-16§. Recent systematic calculations
of the lithiumlike satellite lines populated by this processof the electron-impact excitation cross sections of various
[1-5]. lithiumlike ions have omitted excitation to thesds2p “Ps,
There are 16 possibles2¢2¢’ levels. These levels can level [17]. However, earlier predictions were made by Bely-
decay by a total of 2K-shell x-ray transitions. All radiative Dubau et al. for lithiumlike F&3" that the electron-impact
decays but one proceed via an electric dipole-allowetl)(  excitation cross section of thes2s2p “Ps, level from the
transition. These 2E1 K-shell x-ray transitions were la- lithiumlike ground state equals or exceeds that of other quar-
beled alphabeticalla throughv by Gabriel[6]. tet levels as well as some of the doublet levels, in particular,
The remaining transition is from thes2s2p “Ps, level  those levels resulting in lines t, u, andv [18]. In the fol-
[7]. This level can decay to the s2s? S,,, or the lowing, we present calculations of electron-impact excitation
1s?2s 2S,, level. In either case, radiative decay from this cross sections of the lithiumlikesEs2p levels in A" that
level must proceed via a magnetic quadrupd2() transi-  confirm the trend set by the calculations for lithiumlike
tion. Decay to the §2s2p “Pg, or 1s2s2p *Py,, levels is  Fe?®' by Bely-Dubauet al. Lines s, t, u, andv have been
also energetically possible. In these cases the radiative decajpserved in various studies of lithiumlike ions excitated by
must proceed via a magnetic dipol® L) or electric quad- electron-impact collision§19]. An equal or larger electron-
rupole (E2) transition. impact excitation cross section for theZs2p “Ps, level
The rates oM 2, M1, orE2 transitions are much smaller thus suggests that tHd2 line may also be observable.
than those oE1 transitions. As a result, dielectronic recom-  The question whether thM2 decay of the lithiumlike
bination into the $2s2p “Ps, level, which is proportional 1s2s2p *Ps, level can be detected also depends on the
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TABLE 1. Comparison of measured and predicted wavelengths of the innershell-excit&d satellite lines(in A). The numbers in
parentheses give the uncertainty in the last digits of the measured values.

Label Transition Wavelength WavelengtA ~ Wavelength  Wavelengtd ~ Wavelength ~ Wavelength
s 1s2s2p 2Pg,—15°2s %Sy, 3.9669 3.96738 3.9638 3.9680 3.96918
t 1s2s2p 2Py,—15°2s %Sy, 3.9677 3.96659 3.9650 3.9685 3.97000
q 1s2s2p 2Pg,—18%2s 2S,,,  3.9814111) 3.9806 3.98370 3.9784 3.9827 3.98351
r 1s2s2p 2P,,—15%2s 2S;,  3.9835311) 3.9827 3.98150 3.9806 3.9851 3.98568
M2  1s2s2p *Pgp—15%2s %S,  4.0121115) 4.0114 4.01333 4.0123
u 152s2p *Pg,—15%2s 2S;,  4.0148413) 4.0141 4.01607 4.0123 4.0165 4.01790
1s2s2p *Py,—1s%22s 2S;,  4.0159314) 4.0152 4.01719 4.0139 4.0176 4.01902

3Present measurement using EBIT-II.
byainshtein and Safronova, RéfL].
¢Chen, Craseman, and Mark, REZ].
9Bhalla and Tunnel, Ref3].

€Chen, Ref[4].

fNilsen, Ref.[5].

competing rate for Auger emission. Auger decay is not goerformed on the Livermore EBIT-II electron-beam ion trap
competing process to the magnetic quadrupole radiation iand the Princeton National Spherical Tokamak Experiment
neonlike and heliumlike ions. Auger decay of the2Z2¢’ (NSTX). The electron-beam ion trap was operated at an
levels is typically very fast £10 s ! in Ar'>"). Auger electron-beam energy where direct electron-impact excita-
decay of the $2s2p “Ps, level is, however, just as forbid- tion was the only line formation mechanism so that only
den as radiative decay. Several studies have reported rates fanershell excited satellites could be observed. The NSTX
the radiative or Auger decay of thesds2p “Ps, level.  spectrum was collected from rather cold tokamak plasmas, as
Bhalla and Tunnel calculated 1.830° s~ for its Auger  a low-electron temperature favors the excitation of the lithi-
decay rate in AP"; they calculated 3.181C° s™* for its  ymlike M2 line. In both spectra we were able to identify the
K-shell radiative decay rate in Ar [3]. The 22—2p and |ithjumlike M2 line. The line is comparable in intensity to
2p—2s L-shell radiative rates are negligibly small becauseynat of the neighboring quartet linesandv. A comparison

of the small energy differences of the levels involved. As &y he relative intensity of theM?2 line with calculated
result, their branching ratio for x-ray decay is 16.7%. Chengacron_impact excitation cross sections shows good agree-

_1 .
Craseman, and Mark CalELl”ateq L3I0 s fo_r |_ts Auger ment, and firmly establishes the identity of the lithiumlike
decay rate and 3.2610° s for its K-shell radiative decay 1s2s2p *Ps;p—15%2s 2S,), line
5 1 .

rate AP®". Their predicted x-ray branching ratio is
thus 18.7% [2]. Cheng, Lin, and Johnson -calculated
1.46x10° s~ * for its Auger decay rate and 3.¥40° s !
for its K-shell radiative decay rate Af", resulting in an

x-ray branching ratio of 17.7920]. Systematic calculations of the atomic parameters of dou-
Beam-foil measurements of the lifetime of tABs), level v aycited lithiumlike levels along the isoelectronic se-

hﬂve bﬁe” garried dogt ﬁn heavy-ign 39‘3‘?'”3{@322' 4 (Juence have been presented by a multitude of authors. Pre-
These have detecte ot4Auger a£1 “"2‘ |at|ye 'ecayl,S?n tr&"i-‘lctions of the wavelength of the s2s2p—1s?2s
wavelength of the 82s2p “Pg,—15°2s S, line in Ar

. innershell-excited collisional satellite lines from some of
was measured to t_)e 4'01—20'.0009 A[2.3_25' Dgspne the these calculations are given in Table I. The calculations differ
fact that the radiative branching ratio is a few times smaller,

than many of the other innershell excited lithiumlike satellite’” thg pr_edlcte(_j wavelengths '(&)\f th‘? lithiumlike coII|S|9naI
lines, theM2 x-ray line should also be observable in colli- satellite lines within about 5 mA. This means that the iden-

tification of theM 2 line by wavelength alone is, in principle,

sional plasmas given its large collisional excitation rate. In S NN . L
fact, it may even be stronger than other lithiumlike linesuncertain given that it is within 5 mA of neighboring linas

provided that innershell excitation is the dominant excitation?"d v as well as the collisional satellite transition
process and that the electron density is sufficiently low. Nev1528°2p *P1—1s°2s” 'S in berylliumlike Ar**, com-
ertheless, theVi2 line has not yet been identified in the monly labeled3. However, the calculations are consistent in
K-shell spectra of heliumlike ions from collisional plasmaspredicting that theM 2 line has a wavelength that is a few
to the best of our knowledge, despite the intense and systemmA shorter than either line or line v. Hence, the calcula-
atic experimental scrutiny that these spectra have received ions help in the identification of thil2 transition provided
laboratory and astrophysical plasmas. linesu andv are identified.

In the following we present measurements of Kxshell To assess the relative intensities of the242p— 1s%2s
x-ray spectrum of heliumlike and lithiumlike argon that were collisional satellite lines, we performed distorted-wave cal-

Il. THEORY
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' ] TABLE II. Calculated radiative decay ratés and Auger decay

10 | a | ratesA, of the 1s2s2p *Ps,— 15°2s 2S5, transition.
§ A, A, References
§ 1%k (sH (s
g I ] 3.148] 1.379] [2]
§ 107 3.148] 1.639] [3]
S E 3 3.148] 1.449] [20]

10 ) R S

4000 6000 10000 ) 1
Energy (eV) pole rate of linex has been calculated to be 3:160° s~

[27], which is essentially identical to that of the radiative

FIG. 1. Electron-impact excitation cross sections for populatingdecay rate of the $2s2p *Pg, level.
the upper levels of the lithiumlike innershell satellite Iirtﬁs, S t, A Summary of the predicted radiative branching ratios
u, v, and theM2 line. (K-shell fluorescent vyield B,, of the 1s2s2p “Ps,

—1s?2s 2S,, transition is given in Table Ill. The average
culations of the electron-impact excitation cross sections ugsredicted radiative branching ratio is about 17%.
ing the relativistic computer code developed by Zhang, The predicted radiative branching ratios associated with
Sampson, and Clarj26]. The results are shown in Fig. 1. the other innershell-excited lithiumlike satellite lines are also
The calculations show that the cross section for excitation ofhown in Table Ill. The values exhibit a wide range. For
theM 2 line ties with that of lineg for second place at thresh- example, for satellite 8, ranges from 0.05 to 0.21; farthe
old. It reaches fully one third of the cross section for lme range is 0.78-0.91, and forit is 0.61—0.99.
Line q has been observed in af-shell spectra with the The radiative branching ratios are needed in conjunction
proper ionization balance. Unlike the cross section for exciwith the calculated electron-impact excitation rates for pre-
tation of line g and that of the other lines emanating from dicting the intensity of the various collisional satellite lines.
doubletP levels, the cross section of thé2 line falls rap-  The spread irB, carries over to the intensity predictions and
idly with increasing electron energy because of the nondipol@adds uncertainties to these predictions. In Fig. 2 we show the
nature of the excitation. In doing so it follows the trend seteffective cross section for x-ray production, i.8,¢, for the
by the excitation cross sections of the other two quartet lineglifferent lines. Hereg is the cross section shown in Fig. 1.
uandv. From the energy dependence of its cross section it ifor 8, we used the average of the last four of the five cal-
clear that the intensity of th®2 line is strongest in colder culations listed in Table Ill. We did not include the values
plasmas where the line emission is dominated by the excitazalculated by Vainshtein and SafronopH in the average,
tion cross section at and just above threshold. because their values differed the most from the average.

A summary of the predicted radiative and autoionization The curves in Fig. 2 provide a direct measure of the in-
decay rates of thesPs2p *Ps,—15?2s 2S,, transition is  tensity of each collisional satellite line. Because the radiative
given in Table Il. The radiative rate is only two orders of branching ratio of thé12 line is a few times less than that of
magnitude larger than that associated with the well-knowrmost other collisional satellite lines, the lithiumliké2 line
magnetic dipole linez in heliumlike A", The heliumlike s predicted to be only the fifth strongest line near threshold
magnetic dipole rate has been calculated and measured to f@ electron-impact excitation, and it is predicted to be the
about 5< 10° s71[27,28. By contrast, the magnetic quadru- smallest of the three quartet transitions.

TABLE lll. Calculated radiative branching ratios of the innershell-excitessPp— 1s?2s Arls*

satellite lines.
Label Br? B ° B ° B ¢ B
S 0.206 0.052 0.050 0.067 0.048
t 0.369 0.174 0.175 0.195 0.180
q 0.950 0.973 0.975 0.942 0.963
r 0.798 0.841 0.864 0.784 0.901
M2 0.187 0.163
u 0.614 0.974 0.843 0.988 0.871
0.711 0.944 0.853 0.911 0.992

3/ainshtein and Safronova, RéfL].
Chen, Craseman, and Mark, REZ].
‘Bhalla and Tunnel, Ref3].

dchen, Ref[4].

Nilsen, Ref.[5].
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FIG. 4. K-shell emission spectrum of argon obtained with the

FIG. 2. Effective electron-impact excitation cross sections for ) b
high-resolution von Haos crystal spectrometer on EBIT-1I show-

producing x-ray emission from the lithiumlike innershell satellite | o o e
linesq, r, s, t, u, v, and theM2 line. The calculations utilize the 'N9 the Ar®" linesx, y, andz, the Ar'®* linesq, r, u, v, and theM 2

; o .
cross sections from Fig. 1 and the average branching ratio of théne, and the A" line B. The spectrum was obtained at a constant
last four entries in Table Ill. as described in the text. electron-beam energy 200 eV above threshold for electron-impact

excitation.

Lines excited in an electron-beam ion trap are generally
linearly polarized because of the directionality introduced intron density, <3x10** cm 2 in NSTX and <5x10"
the excitation process by the electron bd@8y. The amount cm ™2 in EBIT-II.
of polarization can be calculated from the values of the mag-
netic sublevel cross sectiofi80]. These cross sections are
provided by our distorted-wave calculation using the com-
puter code by Zhang, Sampson, and C[&®&. The resulting The EBIT-Il measurements utilized a high-resolution
values of linear polarization of each of the seven collisionalcrystal spectromer in the von Hes geometry31,32. The
satellite lines are shown as a function of electron collisionspectrometer employed a quartz (_D320rystal bent to a
energy in Fig. 3. The calculations show that limgandsare  radius of curvature of 75 cm and a multiwire proportional
strongly positively polarized near threshold, while lmend  counter. The lattice spacing of the crystal wasl 2
theM2 line are strongly negatively polarized. The remaining=4.912 A. The Bragg angle was 54°. The quartz crystal
lines are unpolarized. The reason for the strictly VaniShinﬁt)rovided high-intrinsic resolution not afforded by other crys-
polarization is that they emanate from upper levels with totatals such as LiF. Moreover, its crystalline structure is close to
angular momentund=1/2 and therefore cannot be linearly that of a perfect crystal so that corrections for polarization-
polarized. dependent reflectivities are readily made.
Spectra recorded on EBIT-II are shown in Figs. 4 and 5.
IIl. MEASUREMENTS The measurement in Fig. 4 was made by setting the energy
_ of the electron beam to a value about 200 eV above threshold
The measurements were carried out both on the EBIT-lfoy glectron-impact excitation. At this energy electron-impact
electron-beam ion trap and the NSTX tokamak. EBIT-Il is excitation is the dominant excitation process of the lines. The

the second electron-beam ion trap constructed. It was pupectrum shows the heliumlike lingsand z as well as the
into operation at the Lawrence Livermore national laboratory

in 1990. NSTX at the Princeton Plasma Physics Laboratory . , , , , .
represents a novel design for testing plasma operation in a 1000 L
low-aspect ratio machine. Both devices operate at low elec- :

A. Electron-beam ion trap measurements

0.50 - T . ———— ]
E S
E 8 100t
0.25
S :
N 000F 10 ML I . L
3 : 3.96 3.97 3.98 3.99 400 401 4.02 4.03
& 3 Wavelength (A)
025
3 FIG. 5. K-shell emission spectrum of argon obtained with the
-0.50 : , \ L ] high-resolution von Hmos crystal spectrometer on EBIT-Il show-
4000 6000 10000 ing the A" linesx, y, andz, the A% linesq, r, u, v, and theM 2
Energy (V) line, and the A¥*" line 8. The spectrum was obtained by sweeping

the electron-beam energy from threshold to 300 eV above threshold
FIG. 3. Calculated values of the linear polarization of the lithi- for electron-imapct excitation. The spectrum is displayed on a loga-
umlike innershell satellite lineg, r, s, t, u, v, and theM?2 line. rithmic scale to enhance the weaker lines.
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intercombination liney corresponding to the transition 10° ¢ ; ————
1s2p P;—1s? 1S,. It also shows the berylliumlike ling g
and the lithiumlike innershell lineg, r, u, andv as well as

the M2 line. The latter is the smallest feature in the spec-
trum. By contrast, lines andt cannot be discerned. These
lines are located close to lineand are predicted to be even
weaker than théM 2 line (cf. Fig. 2.

The same set of lines can be seen in the spectrum in Fig.
5, which was recorded by sweeping the electron-beam en- I "~ ]
ergy from threshold to 300 eV above threshold. TW2 line 10° . NN T~ M2
is again the weakest line in the spectrum, although it is 4000 6000 10000
clearly visible and fully resolved. Energy (eV)

We used the two data sets to determine the wavelength of
the lithiumlike innershell satellite lines. The results are I b o o . I
shown in Table I. The wavelength scale of the EBIT-II meag.tensities of_the lithiumlike (_:0II|5|onaI sgtell!te lines. The intensities
surements was established by setting the wavelengths 8f¢ normalized to that of ling. The SO'.'d circle denOt.eS th.e mea-
lines x andz to those calculated by Drak&3], which have sured valug for line, the ope.n square ling the open circle line,
been shown to be accuraf@4]. This procedure combined and the solid square tr2 line.
with nonlinearities in the position-sensitive proportional
counter introduces a systematic uncertainty of 0.1 mA in our
wavelength measurements. This error combines with the sta- Like the EBIT-Il measurements, the NSTX measurements

tistical errors in our line fitting procedures to produce thegtilized a quartz (1Tg) crystal. The crystal was spherically
uncertainties listed in Table I. bent to a radius of 3.75 m and employed in a Johann-type

Our measured wavelength of the sZs2p *Ps,  geometry[35]. A multiwire position-sensitive proportional
—1s%2s %Sy, line of 4.012110.00015 A agrees within  counter was used to detect the reflected x rays.

10" L

10°L

Relative line intensity

FIG. 6. Comparison of the predicted and measured relative in-

B. Tokamak measurements

uncertainty limits with the value of 4.01240.0009 A mea- The measurements were carried out during the ohmic
sured in beam-foil experimenfg4]. Our result is, however, heating phase. The central NSTX electron density was about
much more accurate. 3x10% cm™3; the central electron temperature reached

Comparing our measured wavelengths to those listed iahout 0.7 keV. This temperature was sufficiently low so that
Table | we find that the wavelengths calculated by Vainshteira large fraction of the argon was in the lithiumlike charge
and Safronova[l] best reproduce the measured valuesstate. Moreover, the temperature is sufficiently low so that
Those by Nilser{5] differ the most from the measured val- collisional excitation is dominated by electrons with energy
ues. near the excitation threshold.

The intensity of theM 2 line in the EBIT-1l measurements A spectrum from NSTX showing the A lines is shown
was suppressed by the fact that the line is negatively polain Fig. 7. The spectrum shows the same lines as the EBIT-II
ized. The spectrometer recorded the x-ray emission in thgpectra in Figs. 4 and 5 as well as three additional lines. The
plane perpendicular to the electron beam. In this arrangegdditional lines are the At satellite linesa, j, and k,
ment, the intensity of negatively polarized lines is suppresse@hereby linej blends with linez and greatly enhances its
by a factor of 3/(3-P), whereP is the line’s polarization. intensity. These lines are excited only by dielectronic recom-

Moreover, the crystal reflects negatively polarized radiatiorpination at a distinct resonance energy several hundred eV
with less efficiency than positively polarized radiation, as

described in[29,30. On the other hand, ling, which is 5000 . . . . . .
positively polarized, is enhanced. The polarization effects
combine to suppress the ratio of tRE2 intensity to that ofj 4000 .
by a factor of 1.97.

In Fig. 6 we show the predicted relative intensities of the 3000 1

Counts

lithiumlike collisional satellite lines relative to that of lirge

as a function of the electron-impact excitation energy. These
calculations are based on the data presented in Fig. 2. For
comparison we also show the ratios measured on EBIT-II.

2000

1000

These values are weighted averages of the two measurements 0
shown in Figs. 4 and 5 and are adjusted for polarization 3.96 3.97 3.98 3.99 400 401 402 4.03
effects Wavelength (A)

The comparison between the measured intensities Using i, 7. K-shell emission spectrum of argon obtained with the
EBIT-Il and the predictions is good. The small differencespigh-resolution von Johann crystal spectrometer on NSTX showing
are well within the uncertainties of the theoretical data. To-the Af'®* linesx, y, andz the A" linesq, r, u, v, and theM2
gether with the match in the experimental and theoreticajine, as well as the pure dielectronic satellite lireg, andk, and
wavelengths, the good agreement in the relative intensities ahe Af** line 8. The spectrum was obtained at a plasma tempera-
the M2 line provides positive identification of thd2 line.  ture of about 700 eV.
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below threshold for direct electron-impact excitation of the(and that ofu andv) to that of lineq as an electron tempera-

collisional satellite lines. The lines were absent in theture diagnostic.

EBIT-Il spectra where the electron-beam energy was far The line was also shown to be strongly negatively polar-

away from the relevant dielectronic resonance energies. ized when excited by an electron beam. This suggests that it
The dielectronic satellite lines, j, andk have been seen will be easier to detect this line using an electron-beam ion

in a variety of tokamak measuremeifis,36,37, as dielec- trap if the plane of dispersion were rotated by 90° from the

tronic recombination is one of the dominant line excitationplane used in our measurements.

mechanisms in tokamak plasmas. Dielectronic recombina- We measured its wavelength and noted that its intensity is

tion also plays a role in exciting some of the otherAr  comparable to that of the other quartet linesndv. The

satellite lines, especially line. In addition, the spectrum plasma observations show that the line is readily observed

contains weak, unresolved dielectronic satellite lines thatinder conditions where sufficient amounts of lithiumlike

blend with the various features, includiogandy. ions are produced. In fact, the lithiumlikd 2 line was ob-
Unlike the EBIT-II spectra, the NSTX line intensities are served on the NSTX tokamak to have the same intensity as

unaffected by polarization effects because electron collisionthe neighboring berylliumlike resonance lige

are isotropic in an ohmically heated tokamak. As a result, the In many astrophysical and laboratory measurements the

intensity of theM 2 line does not suffer the decrease it expe-ratios of the heliumlike, lithiumlike, and berylliumlike reso-

rienced in the EBIT-Il measurements. It is clearly seen benance linesw, g, and 3 are used to determine the ionization

tween the berylliumlike resonance ling and the blend of balance and thus to infer the plasma electron temperature or

satellitesu andv. The latter were situated near the edge oftransport parameters. We predict that @ satellite line

the wavelength range spanned by the spectrometer. No fublends with lines in the K-shell spectrum of F&". Given

ther x-ray flux is, therefore, observed on the long-wavelengthhat theM 2 line can assume an intensity comparable to that

side of those two quartet lines. of B, such a blending would lead to the wrong inferred ion-
ization balance, and in turn a wrong inferred electron tem-
IV. CONCLUSIONS perature. This is a special concern in the study of astrophysi-

cal plasmas where no independent, nonspectroscopic

Using high-resolution spectroscopy of low-temperaturég|eciron temperature diagnostic is available. Identification of

tokamak plasmas and the capabilities to select excitation props |ine and a detailed study of its effects in astrophysically
cesses with the electron-beam ion trap device we have ideRa|eyantk-shell spectra will be necessary.

tified the 1s2s2p 4Pg,— 15%2s 2S,;, dipole-forbidden col-
lisional satellite line. All other $2s2p— 1s?2s collisional
satellite lines had been earlier identified in teshell spec-
tra of highly charge heliumlike ions. The newly identified  We thank Dr. M. H. Chen for valuable discussions. This
magnetic quadrupole line joins only two other dipole-work was supported in part by the Office of Fusion Energy
forbidden lines that are known to exist in tKeshell spectra  Sciences as part of the Basic and Applied Plasma Science
of heliumlike ions, i.e., linex andz initiative. Work by the University of California Lawrence

Detailed calculations were presented that supported theivermore National Laboratory was performed under the
identification of the line. Collisional excitation is the only auspices of the Department of Energy under Contract No.
formation process of this line. Its electron-impact excitationw-7405-Eng-48; work by the Princeton University Plasma
cross section drops off rapidly as a function of electron enPhysics Laboratory was performed under the auspices of the
ergy, while that of the lithiumlike resonance lingncreases. Department of Energy under Contract No. DE-ACO02-
This suggests using the ratio of the intensity of M& line  76CHO3073.
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